1. Introduction {#sec1-ijms-19-00988}
===============

Mutations in the neurofibromatosis type 2 (*NF2*) gene are responsible for neurofibromatosis 2, a dominantly inherited familial cancer syndrome characterized by the formation of bilateral vestibular schwannomas and meningiomas \[[@B1-ijms-19-00988],[@B2-ijms-19-00988]\]. Besides sporadic schwannomas \[[@B3-ijms-19-00988]\] and meningiomas \[[@B4-ijms-19-00988]\], frequent biallelic inactivation of *NF2* was also found in malignant mesothelioma (MM), a very aggressive tumor which is not associated with the *NF2* cancer syndrome \[[@B5-ijms-19-00988],[@B6-ijms-19-00988]\]. Tumors carrying *NF2* mutations are also observed, albeit infrequently, in multiple organs such as the breast, the prostate, the liver, and the kidney \[[@B7-ijms-19-00988],[@B8-ijms-19-00988]\], indicating a significant role of *NF2* in the development of various human malignancies.

Findings in mouse models support the biological function of *NF2* as a tumor suppressor gene. Since it was shown that a homozygous mutation in the *NF2* gene of mice causes embryonic death by day 6.5 of their development \[[@B9-ijms-19-00988]\], the role of *NF2* as a tumor suppressor gene has been studied in mice that are heterozygous for *NF2* mutations. It was found to develop a variety of malignant tumors, including lymphoma, sarcoma, and carcinoma \[[@B10-ijms-19-00988],[@B11-ijms-19-00988]\]. Furthermore, some studies revealed the involvement of *NF2* in the development of malignant plural mesothelioma after asbestos exposure. Thus, heterozygous *NF2*^+/−^ mice had a higher sensitivity to asbestos, which resulted in an increased risk of malignant mesothelioma formation compared to wild-type *NF2*^+/+^ mice \[[@B2-ijms-19-00988],[@B12-ijms-19-00988]\]. A direct injection of the Adeno-Cre virus into the pleural cavity of adult mice resulted in a conditional knockout of oncosuppressor genes, which further demonstrated that the loss of *NF2*, together with *Tp53* or *Ink4a*/*Arf*, frequently causes the development of mesothelioma which closely mimicked human MM \[[@B13-ijms-19-00988]\]. It was also shown that the restoration of *NF2* expression in *NF2*-deficient mesothelioma cells significantly inhibited their growth \[[@B14-ijms-19-00988],[@B15-ijms-19-00988],[@B16-ijms-19-00988]\]. These in vitro and in vivo data strongly support the role of *NF2* inactivation in mesothelioma development.

2. Domain Organization and Functions of Merlin {#sec2-ijms-19-00988}
==============================================

2.1. NF2 Transcript Variants {#sec2dot1-ijms-19-00988}
----------------------------

The *NF2* gene is located in the chromosomal region 22q12 \[[@B1-ijms-19-00988],[@B17-ijms-19-00988]\]; the gene contains 17 exons and spans approximately 95 kb of DNA. *NF2* transcripts undergo alternative splicing, thereby generating multiple isoforms \[[@B18-ijms-19-00988]\], and variable *NF2* transcripts are observed in human mesotheliomas \[[@B5-ijms-19-00988],[@B12-ijms-19-00988]\]. Two transcripts, one lacking exon 16 and the other containing all 17 exons, are the predominant variants encoding isoforms I and II; the first contains 595 amino acids, while the second, which is generated by the insertion of exon 16 into mRNA which creates a new stop codon, contains 590 amino acids and is identical to isoform I in the first 579 residues ([Figure 1](#ijms-19-00988-f001){ref-type="fig"}A). Initially, it was thought that isoform II lacked anticancer activity \[[@B19-ijms-19-00988],[@B20-ijms-19-00988]\]; however, later studies showed that both isoforms exhibited the function of tumor suppression \[[@B21-ijms-19-00988],[@B22-ijms-19-00988],[@B23-ijms-19-00988]\].

2.2. Domain Organization {#sec2dot2-ijms-19-00988}
------------------------

The *NF2* gene product, named merlin, is widely expressed in various human tissues and is most closely related to the ezrin/radixin/moesin (ERM) family proteins, which are localized at cell-surface structures such as ruffling membranes and cell--cell adhesion sites, and connect actin filaments to the plasma membrane. The significant similarity in amino acid sequences between merlin and ERM proteins suggests that merlin can be associated with the actin cytoskeleton and the organization of membrane domains \[[@B25-ijms-19-00988]\].

A structural analysis shows that merlin consists of three domains: the N-terminal FERM (band 4.1, ezrin, radixin, moesin) domain containing three subdomains (A, B, and C), the central helical domain, and the C-terminal domain (CTD) ([Figure 1](#ijms-19-00988-f001){ref-type="fig"}A). Merlin shares 45--47% sequence similarity with the ERM family members, especially in the conserved FERM domain (60--70%). The FERM of merlin binds to membrane proteins such as hyaluronate receptor CD44 \[[@B26-ijms-19-00988],[@B27-ijms-19-00988]\], adaptor molecule Na^+^/H^+^ exchanger three, regulating factor one (NHERF/EBP50) \[[@B28-ijms-19-00988],[@B29-ijms-19-00988]\], and E-cadherin \[[@B30-ijms-19-00988]\]. Furthermore, the FERM mediates protein binding to phospholipids such as phosphatidylinositol 4,5-bisphosphate (PIP2) \[[@B31-ijms-19-00988],[@B32-ijms-19-00988]\]. Despite the similarity in the binding properties between merlin and ERM proteins, their CTDs show distinct binding preferences. The CTDs of ERM proteins have actin-binding sites \[[@B33-ijms-19-00988]\] linking the plasma membrane to the actin cytoskeleton, whereas merlin lacks the region corresponding to the C-terminal F-actin-binding site \[[@B34-ijms-19-00988]\] and interacts with actin fibers through residues 1--27 and 280--323, which seem to be sufficient for the binding \[[@B35-ijms-19-00988]\]. Moreover, merlin has a unique seven-amino-acid stretch (residues 177--183) in the FERM domain, named the 'blue box', which is conserved from fly to mammalian proteins but is lacking in ERM family members \[[@B34-ijms-19-00988],[@B36-ijms-19-00988]\]. Alanine substitution in, or deletion of, this region produces unique merlin mutants, which have dominant-negative activity and result in an excessive proliferation of wing epithelial cells in flies \[[@B36-ijms-19-00988]\] and a loss of contact inhibition in mammalian cells \[[@B26-ijms-19-00988],[@B37-ijms-19-00988]\]. The unique characteristics of merlin domains suggest that the regulation of merlin is distinct from that of ERM proteins.

2.3. Molecular Conformation and Phosphorylation {#sec2dot3-ijms-19-00988}
-----------------------------------------------

ERM proteins have a 'closed' inactive conformation formed by the binding of CTD to the N-terminal FERM, whereas the phosphorylation of C-terminal residues disrupts the interaction, resulting in the 'open' active state, where the released FERM and CTD can bind to cell adhesion molecules and actin filaments, respectively \[[@B31-ijms-19-00988]\]. Although a C-terminal phosphorylation site, threonine 576, critical for the conformational change in ERM proteins, is also conserved in merlin; the Thr576Ala substitution does not affect merlin's ability to suppress cell growth and motility \[[@B38-ijms-19-00988]\]. Aside from this, the phosphorylation of merlin at serine 518 abrogates its growth inhibition activity \[[@B38-ijms-19-00988],[@B39-ijms-19-00988]\]. These findings indicate that in merlin, phosphorylation causes inactivation, which is in contrast to its effect in ERM proteins ([Figure 1](#ijms-19-00988-f001){ref-type="fig"}C).

Merlin phosphorylation at Ser518 was frequently observed in mesothelioma cells expressing full-length merlin \[[@B12-ijms-19-00988]\]. Moreover, CPI-17, a cellular inhibitor of myosin phosphatase targeting subunit 1 (MYPT1-PP1δ), was increased in mesothelioma cells with full-length *NF2* compared to normal pleura or mesothelioma with truncated *NF2* \[[@B38-ijms-19-00988]\]. As MYPT1-PP1δ dephosphorylates merlin at Ser518 \[[@B40-ijms-19-00988]\], CPI-17 upregulation would result in an increased phosphorylation and inactivation of merlin ([Figure 1](#ijms-19-00988-f001){ref-type="fig"}C). These findings suggest that merlin can be inactivated not only by mutations but also through posttranslational modifications occurring in mesothelioma cells.

The Ser518 phosphorylation in merlin is independently catalyzed by distinct protein kinases such as p21-activated kinase (PAK) \[[@B41-ijms-19-00988],[@B42-ijms-19-00988],[@B43-ijms-19-00988]\] and protein kinase A (PKA) \[[@B44-ijms-19-00988]\]. PAK causes a phosphorylation-dependent inactivation of merlin and promotes the loss of contact inhibition of proliferation \[[@B45-ijms-19-00988]\], whereas PKA, in addition to Ser518, also phosphorylates Ser10 that is not conserved in ERM proteins, which results in increased cell migration \[[@B46-ijms-19-00988]\]. Another protein kinase, AKT, phosphorylates merlin at Thr230 and Ser315, which appears to stimulate ubiquitin-dependent protein degradation \[[@B47-ijms-19-00988]\].

Given the data on ERM proteins, Ser518 phosphorylation in merlin has been suggested to change its conformation from a 'closed' to an 'open' state \[[@B48-ijms-19-00988]\]. Although the FERM and the CTD of merlin bind each other, their mutual affinity is low compared to that in ERM proteins \[[@B49-ijms-19-00988]\], suggesting that merlin may not form a fully closed form. Instead, phosphorylation was shown to rather strengthen the head-to-tail folding in merlin \[[@B23-ijms-19-00988]\]. Analysis by fluorescence resonance energy transfer (FRET) suggests that phosphorylation causes a subtle conformation change in merlin \[[@B50-ijms-19-00988]\]. Furthermore, although merlin isoform II does not form the 'closed' state since it lacks five C-terminal residues \[[@B51-ijms-19-00988]\], both isoforms I and II exhibit antitumor activity \[[@B21-ijms-19-00988],[@B22-ijms-19-00988],[@B23-ijms-19-00988]\]. Cumulatively, these findings suggest that the phosphorylation at Ser518 would inactivate merlin without the accompanying dynamic conformational change observed in ERM proteins.

2.4. NF2 Inactivation in Mesothelioma {#sec2dot4-ijms-19-00988}
-------------------------------------

In addition to a frequent loss of the 22q12 region, which is the locus of the *NF2* gene, mutations within the entire *NF2* coding region are common for mesothelioma ([Figure 1](#ijms-19-00988-f001){ref-type="fig"}B). Nonsense mutations either totally abolish merlin expression or lead to the production of truncated forms. The functional activity of the truncated merlin variants, especially those with a short deletion at the C-terminus, has not been fully characterized. However, it was shown that the mutant with a C-terminal deletion of 40 residues was incapable of restoring proper growth inhibition in *NF2*-null mesothelioma cells \[[@B15-ijms-19-00988]\], and that merlin truncated by 63 residues at the C-terminus did not cause growth arrest of primary Schwann cells \[[@B13-ijms-19-00988]\], indicating the importance of the CTD for the antitumor activity of merlin. Therefore, nonsense mutations in *NF2*, even those occurring close to the C-terminus, are suggested to produce functional defects and are responsible for mesothelioma development. In contrast, the impact of missense mutations that cause amino acid substitutions is less understood, and it is unclear as to how and to what extent individual mutations affect merlin tumor-suppressive function. Although the pathogenic activity of several missense mutants identified in tumors have been studied \[[@B14-ijms-19-00988]\], further investigation is required for a complete understanding of the effect produced by merlin mutations on tumor progression. In addition, *NF2* gene rearrangements are also frequently detected in MM, and each *NF2* gene fusion variant was thought to cause functional inactivation \[[@B24-ijms-19-00988]\].

Regarding gene mutation frequency in MM, gene alterations in *NF2* are considered to be the second most common after those in BAP1. Developed mesothelioma tumors have different histological subtypes: epithelioid, sarcomatoid, and biphasic MMs. An expression analysis of 211 malignant plural mesothelioma samples suggested that among the subtypes, sarcomatoid tumors had the highest *NF2* mutation rate, while epithelioid tumors had the lowest *NF2* mutation rate \[[@B24-ijms-19-00988]\] ([Figure 1](#ijms-19-00988-f001){ref-type="fig"}D). Furthermore, hemizygous *NF2* loss has been shown to decrease both the overall survival and the progression-free survival in a cohort of 86 peritoneal mesothelioma patients \[[@B52-ijms-19-00988]\]. These data suggest that *NF2* inactivation might be involved in the epithelial--mesenchymal transition during metastasis, and that the development of sarcomatoid mesotheliomas is characterized by a poorer overall survival compared to the epithelioid subtype.

2.5. Loss of Contact Inhibition in NF2-Deficient Cells {#sec2dot5-ijms-19-00988}
------------------------------------------------------

Contact inhibition, a regulatory mechanism providing cell growth arrest at confluence in tissue culture, is frequently disrupted in cancer cells \[[@B53-ijms-19-00988]\], and *NF2*-null cells grow to a significantly higher density compared to wild-type cells, suggesting that *NF2* controls tumor progression. The mechanism underlying the merlin regulation of growth arrest in response to cell confluence has been addressed in several studies. For example, it has been shown that merlin forms a complex with CD44, which is activated by the stimulation of extracellular hyaluronate, resulting in growth inhibition of rat schwannoma cells in vitro. Other studies have suggested that merlin regulates contact inhibition through small GTPase Rac1 \[[@B45-ijms-19-00988],[@B54-ijms-19-00988]\], α-catenin, cell-polarity protein Par3 \[[@B55-ijms-19-00988]\], and a tight-junction-associated complex composed of angiomotin (AMOT), Patj, and Pals1 \[[@B48-ijms-19-00988]\] ([Figure 2](#ijms-19-00988-f002){ref-type="fig"}, shown in pink). These findings suggest that merlin could sense its environmental conditions and control cell growth via complex interactions with signaling proteins involved in cell--cell adhesion.

2.6. Subcellular Localization {#sec2dot6-ijms-19-00988}
-----------------------------

FERM domain-containing proteins link plasma membrane receptors to cytoskeleton components \[[@B12-ijms-19-00988]\]. Consistent with this notion, immunostaining with merlin-specific antibodies detects merlin at the cell membrane or the ruffling edges in human fibroblasts, meningioma cells, and Schwann cells \[[@B56-ijms-19-00988],[@B57-ijms-19-00988]\]. Although the localization of the wild-type or the mutant merlin in mesothelial and mesothelioma cells is not defined, we have observed exogenously expressed full-length V5-tagged merlin both at the plasma membrane and in the cytoplasm of merlin-negative mesothelioma cells \[[@B58-ijms-19-00988]\]. However, as merlin localization is dynamically regulated in response to various signals (described below), a further detailed investigation is necessary.

3. Proteins and Signaling Related to Merlin's Functions {#sec3-ijms-19-00988}
=======================================================

3.1. Hippo Signaling Pathway {#sec3dot1-ijms-19-00988}
----------------------------

Merlin exerts its tumor-suppressive effects by controlling the expression of oncogenic genes through the activation of Hippo signaling ([Figure 2](#ijms-19-00988-f002){ref-type="fig"}, shown in orange). The Hippo pathway is composed of core proteins including MST1/2 (Mammalian STE20-Like Protein Kinases), SAV1 (Salvador Family WW Domain Containing Protein 1), MOB (MOB Kinase Activators), and LATS1/2 (Large Tumor Suppressor Kinase 1/2) \[[@B59-ijms-19-00988]\]. At the plasma membrane, merlin recruits LATS1/2 kinases which directly phosphorylate the downstream effectors of the Hippo pathway, YAP (Yes-Associated Protein) and its paralogue TAZ (WW Domain-Containing Transcription Regulator 1, alternatively WWTR1), thus preventing their translocation to the nucleus and inhibiting their function as transcription co-activators. Alternatively, Hippo pathway inactivation induces an accumulation of underphosphorylated YAP and TAZ in the nucleus and their association with DNA-binding TEAD (TEA Domain Transcription Factor) family proteins, which upregulates the transcription of multiple oncogenic genes \[[@B60-ijms-19-00988]\]. Along with *NF2* mutations, gene alterations are also frequently observed in Hippo pathway components, including LATS1/2, SAV1, and LIM-domain containing protein AJUBA, a *Drosophila* djub homolog and LATS1/2 binding partner \[[@B61-ijms-19-00988],[@B62-ijms-19-00988]\]. High-level amplification of the 11q22 locus encompassing the *YAP* gene was also observed in a small subset of MMs \[[@B58-ijms-19-00988]\]. These results indicate that the disruption of Hippo signaling plays a central role in the transformation of mesothelial cells.

YAP activation in mesothelial cells drastically changes their behavior. Kakiuchi et al. \[[@B63-ijms-19-00988]\] have shown that the expression of constitutively active YAP Ser127Ala mutants in immortalized mesothelial cells promotes their growth in vitro, as well as tumor formation after their transplantation in mice. Conversely, YAP knockdown inhibits cell growth, motility, and invasion in mesothelioma cells with activated YAP, but did not show any effects in cells without YAP activation \[[@B64-ijms-19-00988]\]. Furthermore, these studies showed that the YAP-dependent transcriptional activations of cyclin D2 (CCND2), forkhead box M1 (FOXM1), and phospholipase C beta 4 (PLCB4) are involved in mesothelioma cell growth \[[@B63-ijms-19-00988],[@B64-ijms-19-00988]\], suggesting that activated YAP influences diverse cellular processes, thereby resulting in mesothelial cell transformation. The role of TAZ in mesothelioma has not been defined yet, but considering its functional redundancy with YAP, the oncogenic function of TAZ could be predicted.

3.2. DCAF1 {#sec3dot2-ijms-19-00988}
----------

It has been reported that merlin can translocate into the nucleus, where it binds to DCAF1 (also known as VprBP) through the N-terminal FERM domain \[[@B65-ijms-19-00988]\]. DCAF1 is a substrate adaptor of E3 ubiquitin ligase CRL4^DCAF1^ containing CUL4 and DDB1. The interaction between merlin and DCAF1 depends on merlin activation, since neither the Ser518Asp phosphomimetic mutant, nor the Ser64Ala mutant, which lacks tumor-suppressor activity, bind to CRL4^DCAF1^. Merlin inhibits the activity of CRL4^DCAF1^, which regulates ubiquitination of target proteins. It was shown that LATS1/2 are functional targets of CRL4^DCAF1^ and that in tumors with mutated *NF2*, such as mesothelioma, activated CRL4 induces LATS1/2 ubiquitination to promote their degradation and YAP/TAZ activation, thus stimulating oncogenesis \[[@B66-ijms-19-00988]\] ([Figure 2](#ijms-19-00988-f002){ref-type="fig"}, shown in purple). These results suggest that DCAF1 and CRL4^DCAF1^ are potential therapeutic targets for merlin-deficient mesothelioma. Cooper et al. \[[@B67-ijms-19-00988]\] tested whether CRL4^DCAF1^ inhibition with NEDD8-activating enzyme (NAE) inhibitor MLN4924 could suppress the growth of tumor cells carrying *NF2* mutations. MLN4924 alone caused only a moderate inhibition of mesothelioma cell growth, but the combination of MLN4924 and GDC-0980, an mechanistic target of rapamycin/phosphatidylinositol 3-kinase (mTOR/PI3K) inhibitor, strongly suppressed cell proliferation. Despite blocking a broad spectrum of Cullin--RING E3 ligases including CRL4^DCAF1^, NF2--NAE inhibitors could be a promising target for therapeutic intervention in patients with merlin-negative mesothelioma.

3.3. PI3K/AKT/mTOR Signaling Pathway {#sec3dot3-ijms-19-00988}
------------------------------------

mTOR is a serine/threonine kinase that plays a key role in cell growth and proliferation. The mTOR signaling pathway has been reported to be frequently activated in a variety of human malignancies, indicating its close involvement in carcinogenesis.

mTOR is composed of two distinct complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) \[[@B69-ijms-19-00988],[@B70-ijms-19-00988]\]; both of them contain mTOR kinase and a mTORC subunit mLST8, which is suggested to stabilize the structure of the mTOR catalytic domain \[[@B71-ijms-19-00988]\]. mTORC1 binds to raptor, whereas mTORC2 binds to rictor and Sin1, forming functional kinase complexes. mTORC1 and its activator Rheb have been shown to enhance protein translation and pyrimidine nucleotide biosynthesis, thereby promoting cell growth and proliferation \[[@B72-ijms-19-00988],[@B73-ijms-19-00988],[@B74-ijms-19-00988]\].

The involvement of the mTOR pathway in mesothelioma formation has been suggested in several studies. Thus, López-Lago et al. \[[@B75-ijms-19-00988]\] showed, using a panel of malignant mesothelioma cell lines, that the loss of merlin correlated with the activation of mTORC1 signaling and the sensitivity to rapamycin. Similarly, James et al. \[[@B76-ijms-19-00988]\] reported that merlin-deficient meningioma cells also exhibited constitutive mTORC1 activation and increased growth. Furthermore, it was demonstrated that the concurrent loss of Tp53 and tuberous sclerosis 1 (TSC1), a negative regulator of Rheb--mTORC1 signaling, induces the development of peritoneal mesothelioma in mice \[[@B77-ijms-19-00988]\]. Immunohistochemical analysis of human mesotheliomas revealed the hyperactivation of mTORC1 and the reduced expression of TSC2, which binds to TSC1 and negatively regulates the activation of mTORC1 by Rheb. These findings suggest that mTOR activation caused by merlin inactivation plays a significant role in mesothelioma development ([Figure 2](#ijms-19-00988-f002){ref-type="fig"}, shown in orange).

The deregulation of mTORC1 signaling in mesothelioma cells can be attributed to changes in the state of various upstream effectors. AKT, an mTORC1 activator and mTORC2 substrate, is stimulated in more than 60% of malignant mesothelioma cell lines and tumors \[[@B78-ijms-19-00988],[@B79-ijms-19-00988]\]; furthermore, the homozygous deletion of PTEN, a negative regulator of AKT signaling, has also been reported in mesothelioma cells \[[@B78-ijms-19-00988],[@B79-ijms-19-00988]\]. PTEN loss leads to an increase in phosphatidylinositol (3,4,5)-triphosphate (PIP3), resulting in the activation of both mTORC1 and mTORC2 signaling. These data suggest that the activation of mTORC1, as well as mTORC2, may be involved in mesothelioma development. On the other hand, no activating mutations in the *MTOR*, nor the *RHEB* genes, have been identified in mesothelioma cells to date, although such mutations were shown to cause the hyper-activation of mTORC1 \[[@B80-ijms-19-00988],[@B81-ijms-19-00988]\] observed in mesothelioma. The biological role of mTORC1 in mesothelioma formation is now beginning to be examined.

3.4. Lin28B and let-7 miRNAs {#sec3dot4-ijms-19-00988}
----------------------------

An RNA-binding protein, Lin28B, has been recently reported to be an alternative binding partner of merlin. Lin28B is involved in cell growth and reprogramming \[[@B82-ijms-19-00988],[@B83-ijms-19-00988]\] and suppresses the biogenesis of the let-7 microRNAs (miRNAs) that function as tumor suppressors by silencing the expression of several oncogenes such as *MYC* and *RAS* \[[@B84-ijms-19-00988],[@B85-ijms-19-00988]\]. Hikasa et al. \[[@B68-ijms-19-00988]\] found that merlin bound to Lin28B through the FERM domain and translocated Lin28B from the nucleus to cytoplasm, leading to let-7 miRNA maturation ([Figure 2](#ijms-19-00988-f002){ref-type="fig"}, shown in purple). The association between merlin and Lin28B is induced when merlin is dephosphorylated, which occurs at high cell density, suggesting a novel mechanism in which merlin exerts cell-density-dependent tumor suppression through let-7 miRNA maturation.

3.5. TRAF7 {#sec3dot5-ijms-19-00988}
----------

Recurrent mutations in the *TRAF7* gene are observed in mesothelioma cells. *TRAF7* belongs to tumor necrosis factor (TNF) receptor-associated factors (TRAFs) possessing E3 ubiquitin ligase activity \[[@B86-ijms-19-00988]\], and it was shown to promote ubiquitination of an apoptosis inhibitor, FLIP \[[@B87-ijms-19-00988]\], which is increased in mesothelioma cells \[[@B88-ijms-19-00988]\]. FLIP inhibition by small interfering RNA (siRNA) sensitizes mesothelioma cells to Fas- and TRAIL-induced apoptosis, suggesting a role of FLIP in protecting cells from death signals. Interestingly, *TRAF7* and *NF2* mutations are mutually exclusive in malignant pleural mesothelioma \[[@B24-ijms-19-00988]\] as well as in meningioma \[[@B89-ijms-19-00988]\], suggesting that merlin and *TRAF7* may use a common signal transduction pathway.

4. Potential Molecular Targets in Merlin-Negative Mesothelioma {#sec4-ijms-19-00988}
==============================================================

4.1. FAK Inhibitors {#sec4dot1-ijms-19-00988}
-------------------

Focal adhesion kinase (FAK) is a serine/threonine kinase that mediates signals from focal adhesion complexes to the cell growth and migration machinery. FAK is elevated in most human cancers, and its inhibition has been recognized as a novel approach to targeted anticancer therapy against various types of solid tumors. In 2014, Shapiro and colleagues \[[@B90-ijms-19-00988]\] reported that a beneficial effect of an FAK inhibitor, VS-4718 (alternatively PND-1186), on MM cells lacking merlin expression was the increased sensitivity of MM cells to VS-4718 in vitro and in tumor xenograft models. Therefore, FAK inhibitors were considered as potential candidates for mesothelioma therapy. However, a phase II clinical trial investigating the effects of an FAK inhibitor, defactinib (VS-6063), on merlin-deficient mesotheliomas was terminated early due to its futility, and the reason for the poor clinical performance is currently unclear. A recent study on the pharmacological effects of FAK inhibitors has demonstrated a significant correlation between *E*-cadherin mRNA levels and VS-4718 in merlin-negative mesothelioma \[[@B15-ijms-19-00988]\], suggesting that E-cadherin may serve as a promising biomarker for predicting the response to FAK inhibitors in mesothelioma, which should be tested in clinical settings.

4.2. YAP Inhibitors {#sec4dot2-ijms-19-00988}
-------------------

The screening of more than 3300 Food and Drug Administration (FDA)-approved small molecules resulted in the identification of verteporfin as a novel compound that disrupts the YAP--TEAD interaction and inhibits YAP oncogenic activity \[[@B91-ijms-19-00988]\]. Verteporfin, a benzoporphyrin derivative, is currently used in clinics as a photosensitizer in photodynamic therapy for macular degeneration. The compound is activated by 690 nm far-red light, generating reactive oxygen species (ROS) which eliminate abnormal blood vessels; however, its inhibition of YAP--TEAD interactions does not require light activation. Several in vitro studies revealed that verteporfin can suppress the growth, the migration, and the tumorsphere formation of cultured MM cells \[[@B92-ijms-19-00988],[@B93-ijms-19-00988]\]. Recently, CIL56 (also named CA3), a small molecule that induces cellular ferroptosis through ROS production \[[@B94-ijms-19-00988]\], has been identified as a novel YAP inhibitor. By preventing the interaction between YAP and TEAD, CIL56 strongly inhibited esophageal adenocarcinoma cell growth both in vitro and in vivo \[[@B95-ijms-19-00988]\]. Therefore, YAP inhibitors may be effective anticancer drugs for mesothelioma and other tumors in which YAP/TAZ are activated through the disruption of the Hippo pathway.

In addition to the nucleocytoplasmic shuttling of YAP/TAZ, a recent study revealed a mechanism for the intracellular translocation of TEAD proteins. The findings of Lin et al. \[[@B96-ijms-19-00988]\] suggest that environmental stresses such as osmotic stress, high cell density, and cell detachment promote TEAD translocation from the nucleus to the cytoplasm via p38 mitogen-activated protein kinase (MAPK). Interestingly, TEAD nucleocytoplasmic transfer occurred in a Hippo-independent manner and suppressed YAP and YAP-dependent cancer cell growth, suggesting that the regulation of TEAD translocation might serve as another therapeutic strategy in merlin-deficient tumors.

4.3. mTOR Inhibitors {#sec4dot3-ijms-19-00988}
--------------------

Given the emerging role of mTOR in mesothelioma development and proliferation, mTOR inhibitors are thought to be promising drugs against merlin-negative mesothelioma. Unfortunately, however, a phase II clinical trial of everolimus, a first-generation mTOR inhibitor rapamycin analog (so-called rapalog), demonstrated that there was insufficient activity in patients with advanced mesothelioma \[[@B97-ijms-19-00988]\]. The reason for this limited success is not fully understood; it is possible that certain rapamycin-resistant functions of mTORC1 \[[@B98-ijms-19-00988]\] may account for the low efficacy of rapalogs.

To date, various types of improved mTOR inhibitors have been developed. Second-generation mTOR inhibitors (also called ATP-competitive mTOR inhibitors) directly compete with ATP for the binding to the mTOR kinase domain, thus completely inhibiting both mTORC1 and mTORC2. PI3K/mTOR dual inhibitors also target the ATP-binding pocket; the advantage of these compounds is that they recognize the ATP-binding site not only in mTOR but also in PI3K. Considering the reports of mTORC2 activation in mesothelioma cells due to the loss of PTEN, which is an mTORC2 negative regulator, or the increased phosphorylation of mTORC2 substrate AKT \[[@B79-ijms-19-00988],[@B99-ijms-19-00988]\], PI3K/mTOR dual inhibitors are predicted to be more effective in suppressing mesothelioma growth than rapalogs. Moreover, a combination treatment with mTOR or PI3K/mTOR inhibitors together with other antitumor drugs appears to be a reasonable approach, because mTOR signaling is involved in a compensatory pathway that renders cancer cells drug resistant; thus, increased mTORC1 activity in breast and pancreatic cancer cells confers resistance to cyclin-dependent kinase 4/6 (CDK4/6) inhibitors \[[@B100-ijms-19-00988],[@B101-ijms-19-00988]\]. Although in vivo experiments are lacking, in vitro data indicate that a combination treatment with the CDK4/6 inhibitor, palbociclib, and a PI3K/mTOR dual inhibitor exerts a synergistic effect on mesothelioma cell growth \[[@B102-ijms-19-00988]\].

Recently, a third-generation mTOR inhibitor which overcomes the resistance to first- and second-generation mTOR inhibitors has been developed \[[@B103-ijms-19-00988]\] and already showed promise by exhibiting a higher efficacy in glioblastomas compared to previous mTOR inhibitors \[[@B104-ijms-19-00988]\]. Although the antitumor activity of the new mTOR inhibitors against mesothelioma has yet to be demonstrated, enhanced clinical benefits can be expected.

4.4. Statins {#sec4dot4-ijms-19-00988}
------------

Statins are inhibitors of 3-hydroxyl-3-methyl coenzyme A (HMG--CoA) reductase, the rate-limiting enzyme of the mevalonate pathway for the biosynthesis of mevalonate and downstream isoprenoids, which are suggested to have beneficial effects on several cancers, including colorectal cancer, breast cancer, and melanoma \[[@B105-ijms-19-00988]\]. The therapeutic potential of statins for suppressing mesothelioma cell growth has been reported in vitro and in mouse xenografts \[[@B106-ijms-19-00988],[@B107-ijms-19-00988]\]. Furthermore, statins are suggested to have synergistic or additive antitumor effects when used with other drugs \[[@B108-ijms-19-00988],[@B109-ijms-19-00988],[@B110-ijms-19-00988]\]. Recently, it was reported that mesothelioma cells with *NF2* and/or *LATS2* mutations were more sensitive to fluvastatin compared to those with *BAP1* mutations \[[@B111-ijms-19-00988]\], whereas merlin-negative breast cancer cells showed sensitivity to simvastatin \[[@B112-ijms-19-00988]\]. The regulation of YAP and TAZ through the mevalonate pathway \[[@B113-ijms-19-00988]\] suggests that statins may show a more significant effect on cell growth in *NF2*-deficient mesothelioma and other types of tumors.

4.5. COX2 Inhibitors {#sec4dot5-ijms-19-00988}
--------------------

It has been demonstrated that YAP activation in *NF2*-null Schwann cells promotes the transcription of the *PTGS2* gene encoding cyclooxygenase 2 (COX-2), the key enzyme in prostaglandin biosynthesis. Interestingly, the treatment of NF2-null Schwann or schwannoma cells with a COX-2 inhibitor, celecoxib, dramatically inhibited cell growth in vitro and in vivo \[[@B114-ijms-19-00988]\], which suggests that COX-2 is a potential therapeutic target in *NF2*-null tumors. However, a recent study showed that celecoxib failed to prevent the generation of schwannomas in a genetically engineered mouse model of *NF2* inactivation, although COX-2 expression was increased in tumors that developed in these mice \[[@B115-ijms-19-00988]\]. Considering the controversial results on COX-2 as a target in *NF2*-inactive tumors, further investigations are required in this direction.

5. Conclusions {#sec5-ijms-19-00988}
==============

Malignant mesothelioma is highly refractory to conventional therapies, and the current chemotherapeutic approach approved in clinics is still based on a combination of platinum and an antifolate, pemetrexed \[[@B116-ijms-19-00988]\]. *NF2* is one of the most frequently mutated genes in mesothelioma; therefore, the restoration of *NF2* functions is expected to cure a large population of mesothelioma patients. However, the introduction of tumor suppressor genes in every tumor cell and the subsequent expression of the encoded proteins at levels that are comparable to those of normal cells remain highly challenging \[[@B117-ijms-19-00988]\]. Growing evidence demonstrates that merlin is distributed in multiple subcellular compartments and suppresses a number of proteins and signaling pathways that are related to tumor progression \[[@B118-ijms-19-00988]\]. Once *NF2* is inactivated, these oncogenic mechanisms are constitutively induced, conferring malignant phenotypes to the cells; therefore, targeting merlin-dependent molecular pathways is a promising strategy for the treatment of *NF2*-deficient cancers. The restoration of the Hippo signaling and the inhibition of the PI3K/AKT/mTOR pathway are predicted to exert potent anticancer effects, but the clinical performance of the perspective drugs has not yet been evaluated, and the mechanisms underlying *NF2* control of these signaling pathways in mesothelial and other cells are still unknown.

Although *NF2* is frequently inactivated in MMs, recent progress in *NF2*-targeted therapies has been limited \[[@B119-ijms-19-00988]\]. To search for more effective drugs against *NF2*-deficient mesothelioma cells, we have to understand when, where, and how merlin exerts its tumor-suppressive effects, especially in mesothelial cells. Further, the roles of downstream signals that are activated by *NF2* loss in mesothelioma progression also remain incompletely defined. For example, is the activation of YAP via the inactivation of the Hippo signaling pathway enough for mesothelioma formation? If so, why are *YAP* gene mutations that constitutively activate their transcription activity undetected in MMs? The activation of *TAZ* in merlin-deficient MM cells should be evaluated as a potential key oncogene that drives tumor initiation and progression together with YAP. It is to be noted that *NF2* loss might be involved in drug resistance. A genome-wide CRISPR screen in human cells has identified *NF2* as the highest-ranking candidate whose loss is involved in the resistance to vemurafenib, a therapeutic RAF inhibitor \[[@B120-ijms-19-00988]\]. Future studies focusing on defining the alteration of molecular networks caused by the loss of merlin expression would further foster the development of new therapeutic strategies in mesothelioma.
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![Mechanisms underlying the activation/inactivation of merlin. (**a**) Domain organization of merlin. The protein consists of the N-terminal FERM (band 4.1/ezrin/radixin/moesin) domain (green) comprising three subdomains (A, B, and C), a central helical domain (yellow), and a C-terminal domain (CTD, orange). Major phosphorylation sites are indicated; (**b**) *NF2* mutations and their frequency in pleural and peritoneal cancers. Nonsense/frameshift (blue) and missense (red) mutations registered in COSMIC (Catalogue of Somatic Mutations in Cancer; <http://cancer.sanger.ac.uk/cosmic/>) as of 27 February 2018, are mapped; (**c**) Phosphorylation-dependent inactivation of merlin. Phosphorylation at Ser518 inactivates merlin and inhibits its growth suppression activity; (**d**) Frequency of genetic alterations in the *NF2* gene, including mutations, fusions, and copy number variations in different subtypes of malignant pleural mesothelioma based on an analysis of 211 malignant plural mesothelioma samples. The data were adapted from Bueno et al. \[[@B24-ijms-19-00988]\].](ijms-19-00988-g001){#ijms-19-00988-f001}

![A model of the *NF2*/merlin signaling pathway. Merlin is involved in contact inhibition by interacting with many membrane-associated proteins such as CD44 \[[@B26-ijms-19-00988],[@B27-ijms-19-00988]\], the angiomotin (AMOT) --Patj--Pals1 complex \[[@B48-ijms-19-00988]\], E-cadherin--α-catenin \[[@B30-ijms-19-00988],[@B55-ijms-19-00988]\], and actin fibers. A loss of merlin expression disrupts cancer-related signaling through the Hippo and mTOR pathways. Merlin is also localized in the nucleus where it binds to and inhibits E3 ubiquitin ligase CRL4^DCAF1^, which promotes LATS1/2 degradation \[[@B66-ijms-19-00988],[@B67-ijms-19-00988]\], and RNA-binding protein Lin28B, which suppresses let-7 miRNAs that are involved in the silencing of oncogenes such as *MYC* and *RAS* \[[@B68-ijms-19-00988]\]. TJ: tight junction; AJ: adherens junction; ZO-1: Zonula occludens-1; AMOT: angiomotin; mTOR: mechanistic target of rapamycin; TSC1/2: tuberous sclerosis complex 1/2; Rheb: Ras homolog enriched in brain; Sav1: Salvador Family WW Domain Containing Protein 1; Mst1/2: mammalian Ste20-like kinase 1/2; Mob: Mps one binder kinase activator-like protein; YAP: yes-associated protein 1; TAZ: WW domain-containing transcription regulator 1; CRL4: Cullin-RING ubiquitin ligase 4; DCAF1: DDB1- and CUL4-associated factor 1; LATS1/2: large tumor suppressor kinase 1/2; TEAD: TEA domain transcription factor; Lin28B: lin-28 homolog B.](ijms-19-00988-g002){#ijms-19-00988-f002}
